ABSTRACT. We have previously shown that lactate is produced by the ovine fetal lung. Inasmuch as factors that might affect lactate production, such as pulmonary glucose and oxygen uptake, change late in gestation we investigated whether pulmonary lactate metabolism also changes. Eleven chronically catheterized fetal lambs were studied over 119-141 d gestation. Lactate, glucose, and oxygen concentrations were measured in the pulmonary artery (PA) and vein while lung blood flow was determined using labeled microspheres. Between early studies (5127 d) and studies near term (2134 d) PA lactate levels did not change, but due to increasing pulmonary blood flow, lung lactate delivery rose 51% ( p < 0.05). Because of a decline in PA glucose, lactate also made up a larger fraction of the major nonnitrogenous substrate in PA blood near term ( p < 0.001). Despite this, no net pulmonary uptake of lactate occurred. Lactate production continued, but decreased by 80% between early and late studies ( p < 0.05) and the maximum fraction of glucose uptake that could be accounted for by lactate production dropped from 0.78 to 0.20 ( p < 0.025). Correlations were found between lung lactate production and both glucose delivery ( p < 0.005) and PA glucose concentration ( p < 0.05). The ratio between lactate production and glucose uptake also correlated with PA glucose ( p < 0.05). No relationships were observed between lactate production and PA oxygen content, oxygen delivery, lactate concentration, or lactate delivery. The decreasing fraction of glucose uptake explained by lactate production suggests that metabolism of pulmonary glucose is altered near term. The correlation between decreasing glucose delivery and declining lactate production also suggests that glucose itself influences this change. (Pediatr Res 27: 274-277,1990) Abbreviations PA, pulmonary artery PV, pulmonary vein In previous studies in chronically catheterized fetal sheep, we found that glucose is taken up by the fetal lung and lactate is produced (1). During late gestation, the average quantity of lactate produced is equivalent to about 50% of pulmonary glucose uptake. However, metabolic factors that may influence lung lactate metabolism are not static during gestation. Near term, Received March 20, 1989; accepted October 19, 1989 pulmonary arterial glucose concentration and pulmonary glucose uptake decline, whereas pulmonary delivery of oxygen increases (1). We, therefore, investigated whether lactate metabolism in the fetal lung changes with gestation or with either pulmonary delivery of glucose or oxygen. Further, because lactate levels themselves might affect lung metabolism, we investigated the relationship between pulmonary lactate concentration and both lung lactate production and glucose use.
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MATERIALS AND METHODS
Surgical preparation and recovery. Eleven mixed Western, breed-dated, pregnant sheep of 115 to 125 d gestation were surgically prepared by methods described previously (1-3). With the ewe under spinal anesthesia (induced by 1 % tetracaine) and pentobarbital analgesia, catheters were inserted into a maternal hindlimb artery and vein. The maternal abdomen and uterus were then opened.
Eleven fetal lambs were catheterized: 10 singletons and one of a set of twins. Fetal anesthesia was accomplished with locally injected 1% xylocaine and i.v. pentobarbital. Fetal catheters (0.030 inch inner diameter) were inserted into either a femoral artery and vein (eight animals) or into a carotid artery and jugular vein (three animals). In each fetus the thorax was opened and a 20-gauge Teflon catheter, fitted on a piece of polyvinyl tubing, was inserted into the main pulmonary artery (3). A catheter (0.01 1 inch inner diameter) was also inserted into a distal pulmonary vein and threaded up into a major vein draining the left upper lobe of the lung. After closure of the fetal incision, a multipore amniotic fluid catheter was anchored in the uterus and all catheters were exteriorized to the maternal flank.
Antibiotics (1 million U of penicillin and 250 mg of gentamicin) were administered to the mother and into the amniotic cavity at the time of surgery. During postoperative recovery, antibiotics were given for 5 d, as above, and the mother was fed ad libitum.
Study protocol. After recovery, pulmonary delivery and uptake of lactate, glucose, and oxygen were measured in each fetus. At study, fetal blood samples were drawn simultaneously from the fetal PA and PV while pulmonary blood flow was measured using a radiolabeled microsphere technique (2) . Whole blood samples were analyzed for concentrations of lactate, glucose, Hb, oxygen saturation, pH, and Paoz. Two sets of blood samples and two measurements of blood flow were obtained at each study and averaged to determine a study value. A blood sample was also drawn from the maternal artery during each study. This was used to measure maternal metabolite levels and blood gases. Studies were repeated one to two times weekly. Analytical methods. Whole blood samples for lactate and glucose were analyzed in duplicate. The samples were deproteinized immediately with iced reagents, and frozen at -80°C until assayed. Arterial and venous samples from each animal were analyzed in the same assay run. Lactate concentration was determined using a lactate dehydrogenase assay and glucose by an enzymatic, colorimetric glucose oxidase method (both assays from Sigma Chemical Co., St. Louis, MO). The mean percentage error between duplicate samples was 1.5% for lactate and 1.9% for glucose.
Blood gases were measured immediately after blood drawing, on a Corning 158 pH/blood gas analyzer (Corning Medical, Medford, MA). Hb concentration and oxygen saturation were measured, in duplicate, on a Radiometer-Copenhagen OSM 2 hemoximeter (The London Co., Westlake, OH). Our mean percentage error between duplicate measurements of Hb was 1.0% and for oxygen saturation it was 0.8%. Using these measurements oxygen content was calculated from the formula (4) Calculations. Delivery of metabolites and oxygen to the lung was calculated as the PA concentration times pulmonary blood flow. Substrate uptake or production was calculated by multiplying the PA-PV difference times pulmonary blood flow. For purposes of calculating substrate uptake, blood draining the left upper pulmonary lobe was assumed to be representative of blood draining the lung as a whole. Similarly, pulmonary blood flow was taken as representing total lung flow, because we have previously determined that correction of blood flow for substrate delivery and uptake via the bronchial circulation makes a negligible difference in these calculations (1) .
The maximum fraction of pulmonary glucose uptake that could be accounted for by pulmonary lactate production was calculated as lactate production (pg/min)/glucose uptake (pgl min), because if all the lactate produced was derived from glucose, 1 pg of glucose would be consumed for each pg of lactate made.
Average birth wt of the fetuses studied was 3678 g, at a mean gestation of 138 + 2 d. The average length of study in individual animals was 12 + 1.5 d. Total lung wet wt averaged 85 a 8 g, and the mean lung/body wt ratio was 2.1 f 0.3%; all these values were within the normal range (5-7). The wet wt of the instrumented left upper lobes of the lung in study animals were 11 f 1 g, similar to the 13 + 2 g wt of left upper lobes in animals in our lab without pulmonary catheters (Simmons RA, Charlton VE, personal observation). Statisticalanalysis. All data are expressed as the mean f SEM. An analysis of variance followed by the Fisher's protected least significant difference was used to compare measurements of PA substrate levels, substrate delivery, PA-PV substrate differences, and pulmonary substrate production or uptake obtained during early, mid-, and near term studies ( 5 127 d, > 127 and < 134 d, and r 134 d gestation, respectively) (8) . Comparisons between first and last studies within the same animals were made using the paired t test (8) . Relationships between either the rate of lactate production or the lactate production/glucose uptake ratio versus pulmonary arterial concentration or delivery of substrate were defined by first establishing indicator variables for each fetus, that linked them to their data points, and then performing multiple regression analysis (9) . A p value of 0.05 was taken to imply a significant difference or correlation, whereas p < 0.1 was noted as suggesting a trend.
RESULTS
Over the period of gestation studied (1 19-14 1 d, term = 145 d), pulmonary blood flow increased by 65 f 28%. This increase was similar to our previous findings (I) and was consistent with prior measurements made in groups of younger and older animals (10, 11 Throughout the period of study, there was a positive PV-PA difference for lactate across the lung, indicating net lactate production. The average PV-PA difference in lactate was 727 f 135 pg/dL (8 1 + 15 pM) (n = 33). As can be seen in Table 1 , this difference tended to decrease as the fetus matured, with the average PV-PA difference for lactate falling 55% from the first to last wk of the study period. Within individual lambs, in whom first and last studies were separated by a mean of 14 f 2 d, the PV-PA difference for lactate fell by 477 + 310 pg/dL (53 + 34 pM) (n = 6), ( p < 0.05).
Values for lactate production by the lung are given in Table 1 . Overall production averaged 42 1 f 101 pg/min (4.68 f 1.12 pmol/min) (n = 20) but as can be seen in Table 1 , lactate production fell 80% as gestation progressed.
We have previously noted that pulmonary uptake of glucose decreases in late gestation, as pulmonary arterial glucose levels fall (1). However, the decrease in lactate production reported here was much greater than the change in pulmonary glucose use. Assuming that all the lactate was derived from glucose, the fraction of glucose uptake that could be accounted for by lactate production, i.e. lactate production (pg/min)/glucose uptake (pg/ min), decreased from 0. Both lactate production and the ratio between lactate produc- tion and glucose use were found to be related to the amount of glucose available to the lung. As pulmonary glucose delivery or glucose concentrations fell, lactate production, PV-PA differences of lactate, and the fraction of glucose uptake that could be accounted for by lactate production all decreased. The correlation between lactate production and glucose delivery to the lung is shown in Figure 1. (Even if the one study with very high glucose delivery is removed, this correlation remains significant.) Correlations were also found between lactate production and the PA glucose concentration (r = 0.42, n = 20, p = 0.06) and between the PV-PA difference for lactate and PA glucose concentration (r = 0.38, n = 33, p < 0.05). The relationship between the lactate production/glucose uptake ratio and PA glucose is presented in Figure 2 . Contrary to our expectations, the quantity of lactate produced was not related to either PA oxygen content or pulmonary oxygen delivery. Similarly the PV-PA difference of lactate did not correlate with either PA oxygen content or oxygen delivery.
Interestingly, when the effects of lactate itself were analyzed, no direct relationship was found between lactate delivery to the lung and lactate production, or between PA lactate concentration and lactate production. High pulmonary arterial lactate concentrations did not result in a net pulmonary uptake of lactate.
In contrast, lactate concentration appeared related to pulmonary glucose uptake. When PA lactate was above the midrange of our concentrations, i.e. more than 15 mg/dL (1.67 mM), glucose uptake averaged 338 + 273 p/min (1.88 5 1.5 1 pmol/ min) (n = 8). Whereas at lactate concentrations less than 15 mg/ dL, average glucose uptake was 3-fold more at 1198 + 204 pg/ min (6.66 k 1.13 pmol/min) (n = 13), ( p < 0.05).
Glucose Delivery (mglmin) Fig. 1 . The relationship between glucose delivery to the lung and lactate production by the lung. Since lactate has half the molecular wt of glucose, expression of this relationship in molar units would double the slope of the regression equation.
PA Glucose (mgldl) Fig. 2 . The relationship between pulmonary arterial glucose concentration and the maximum fraction of glucose uptake across the lung that could be accounted for by lactate production (lactate production/glucose uptake). Taking into account that 2 mol of lactate are produced from each mole of glucose, expression of the latter ratio in molar units [as (lactate pM/min + 2)/(glucose pM/min)] would not change the calculated values nor the relative slope of the regression.
Maternal levels of glucose, lactate, and oxygen were stable throughout this period of gestation and did not appear to influence the changes noted in fetal values.
DISCUSSION
The aim of this study was to investigate whether pulmonary lactate metabolism in vivo changes with gestation or with alterations in either pulmonary arterial concentration or pulmonary delivery of glucose and oxygen. In addition we sought to identify any relationship between pulmonary lactate levels and lactate production or glucose use.
Our results indicate that the relative and absolute amounts of lactate reaching the lung change as the fetus matures. The quantity of lactate delivered to the lung increases 5 1 % from the first to the last wk of the gestation period studied and the proportion of major nonnitrogenous fetal substrate (i.e. lactate and glucose) in PA blood that is lactate also increases. By the end of gestation, half of this substrate reaching the lung is lactate. Inasmuch as lung size is increasing by approximately 24% over this time period (7,12) (Simmons RA, Charlton VE, personal observation) lactate delivery per U wt of lung is increasing nearly twice as fast.
However, despite the increasing delivery of lactate to the lung, lactate production was found to continue and there was no evidence of pulmonary lactate uptake. Further, we did not find that the rate of lactate production was influenced by either lactate concentration or pulmonary lactate delivery. These in vivo findings are in agreement with some prior in vitro studies and in conflict with other in vitro results.
Near term, fetal rat, type I1 pneumocytes in short-term culture and perfused lungs from adult rats have been shown to produce lactate from glucose (13, 15) . Experiments in fresh isolated perfused adult rat lungs have demonstrated no effect of added lactate on the rate of lung lactate production, over perfusate lactate concentrations of 0-45 mg/dL (0-5 mM) (14, 15) . However, other studies done on isolated perfused adult rat lungs, have reported that lactate in perfusate concentrations of 18 mg/dL (2 mM) decreases lactate production by 95% (16) . Isolated, near term, fetal rat type I1 pneumocytes have also been found to decrease their rate of lactate production when lactate is added to the culture media, and at extracellular lactate levels of 45 mg/ dL (5 mM) they show net lactate utilization (1 3).
The difference in results between these latter in vitro experiments and our findings might be due to species differences, differences in developmental state of the in vitro tissues, or to the high concentration of lactate used in the culture media compared to ovine in vivo levels. However, we speculate that ambient glucose levels are, in large part, affecting the rate of lactate production and the response of lung tissue to varied lactate concentrations. In vivo, glucose levels correlate directly with lung lactate production. Inasmuch as glucose levels are normally low in the ovine fetus, it is interesting to note that the in vitro studies in agreement with our findings (14, 15) were carried out at relatively lower glucose concentrations [ l o 1 -108 mg/dL (5.6-6.0 mM)] compared to glucose levels in the discordant studies [126-180 mg/dL (7-10 mM)] (1 3, 16) . Furthermore, the isolated lungs perfused with 180 mg/dL (10 mM) glucose had higher baseline rates of lactate production 1630 pg/h/g (7.0 pmol/h/g)] (1 6) than did lungs perfused with 10 1 -108 mg/dL glucose [441-468 pg of lactatejhjg (4.9-5.2 pmol/h/g)] (14, 15) . At lower glucose levels, lactate production may already be decreased and unresponsive to further modulation by lactate.
In fact, the effect of lactate concentration on lung lactate metabolism noted in some in vitro studies appear to be related to changes in lung glucose use. I n vivo we found that higher pulmonary lactate levels are associated with decreased glucose use. In one of the perfused rat lung studies mentioned above, lung glucose use was also measured and the addition of lactate to the perfusate was found to decrease glucose use by 63%, concurrent with the decrease in lactate production (16) . The mechanism for the effect of lactate on glucose is unclear. It may be possible that lactate directly or indirectly inhibits glycolysis (16, 17) .
Although we found no pulmonary utilization of lactate as gestation advanced, we did find a steep decline in lung lactate production and a decrease in the fraction of lung glucose uptake that could be accounted for by lactate production. Both correlated with the late gestation drop in pulmonary arterial glucose concentration, which we have previously described (1) . These associations suggest that glucose is influencing maturation of the fetal lung and the change in metabolic fate of glucose from lactate production to other metabolic pathways. We speculate that the reduction in lung lactate output noted may reflect the diversion of the end products of glycolysis into surfactant lipid production. Rapid incorporation of labeled lactate into lung phospholipids has been found in isolated adult rat lungs (15) . Alternative routes for glucose metabolism, which may also become more active, include the citric acid cycle and the pentosephosphate shunt pathway (1 8) . Increased citric acid cycle activity has been found in fetal rat lung slices taken from animals near term (18) . This activity would logically increase in vivo near term, coincident with the increase in pulmonary oxygen delivery and use that we have described (1) . In studies performed on isolated near-term fetal rat type I1 pneumocytes, the pentose shunt pathway has been found to be a preferred pathway for glucose metabolism (19) . This latter pathway is an important source of NADPH for fatty acid synthesis (20) and would also logically become active in vivo at the end of gestation, when surfactant synthesis is increasing.
Finally, hypoxia has been shown to increase pulmonary lactate production in vitro. Studies using isolated perfused adult rat lungs as well as fetal rat type I1 pneumocytes have demonstrated an elevated rate of lactate production under conditions of significantly reduced oxygen availability (13, 14, 16, 19) . However, our results show that the usual changes in pulmonary oxygenation found during normal gestation do not influence lung lactate production. Although oxygen delivery to the lung increases with gestation as mentioned (I), and pulmonary lactate production declines, no correlation between the two was observed. Our results suggest that the high rate of lactate production in the younger fetal lung represents an earlier metabolic developmental stage and not pulmonary hypoxia. In summary, lactate metabolism changes as the fetal lung matures. Lactate production and the fraction of glucose uptake that can be accounted for by lactate production fall. Both changes correlate with the decrease in glucose found over this period, suggesting that glucose levels are affecting metabolic maturation. The change in lactate production relative to glucose uptake also indicates that the metabolic fate of pulmonary glucose is altered. The late gestational increase in lung lactate delivery noted may also secondarily influence metabolic maturation of the lung by decreasing the rate of glucose use.
